Electrospinning of silk to create nanofibers, which deposit onto a rotating collector. This results in the formation of a pure silk conduit of 1.5 mm internal diameter. These conduits are then implanted into the descending abdominal aorta of Sprague Dawley Rats with end-to-end suturing, and left for 3, 6, 12, and 24 weeks. Endpoint histologic analysis of the explanted grafts demonstrate hyperplasia stabilization, complete endothelialization and excellent blood compatibility.
SUMMARY
Synthetic vascular grafts for small diameter revascularization are lacking. Clinically available conduits expanded polytetrafluorethylene and Dacron fail acutely due to thrombosis and in the longer term from neointimal hyperplasia. We report the bioengineering of a cell-free, silk-based vascular graft. In vitro we demonstrate strong, elastic silk conduits that support rapid endothelial cell attachment and spreading while simultaneously resisting blood clot and fibrin network formation. In vivo rat studies show complete graft patency at all time points, rapid endothelialization, and stabilization and contraction of neointimal hyperplasia. These studies show the potential of silk as an off-the-shelf small diameter vascular graft. Similarly, traditional polymeric scaffolds such as polyurethane have also failed to improve clinical outcomes due to unexpected degradation in vivo, pro-inflammatory by-products, and poor interactions with vascular cells (1, 10, 11) . Therefore, there remains a significant unmet need for new materials for synthetic vascular conduits that combine favorable mechanical properties and compatibility with vascular cells and blood, which can be readily translated to the clinic.
Bombyx mori (silkworm) silk fibroin (referred to as "silk") is a naturally occurring protein polymer with unique mechanical and physical characteristics, which make it a widely used biomaterial. It has a long history in applications as diverse as skin repair, retina replacement, and clinically as sutures (12) . Recent methodological advances in silk processing have significantly improved silk fibroin purity reducing the inflammation that has been considered a weakness of silk in the past (13) . In addition, advancements in silk processing and manufacturing methods have made the production of mechanically robust conduits feasible, leading us to revisit a well-established biomaterial for vascular repair applications (12, 14) . Filipe et al.
Silk as a Small Diameter Graft Care and Use of Animals for Scientific Purpose.
Briefly, electrospun silk grafts were prepared and disinfected in 70% ethanol with exposure to ultraviolet light for 30 min. Samples were stored in air until the time of surgery. Expanded polytetrafluoroethylene (ePTFE) was purchased from Bard Scientific (Covington, Georgia) and stored in air until the time of surgery. Forty-three 8-week-old male rats (Sprague Dawley) were purchased from Laboratory Animal Service (New South Wales, Sydney Australia). Rats were given a single intramuscular injection of ketamine (75 mg/kg) and medetomidine (0.5 mg/kg) to induce anesthesia. The abdomen was shaved and a midline laparotomy incision was performed. The infrarenal abdominal aorta was exposed and clamped proximally, just below the renal arteries, and distally, just above the aortoiliac bifurcation. The abdominal aorta was resected and a 0.8-cm section of silk or ePTFE (n ¼ 21 and 22 for silk and ePTFE, respectively) was implanted with 8 interrupted 9-0 silk sutures at each anastomosis. After re-establishment of blood flow, the abdominal cavity and overlying skin were sutured closed. At the end of surgery, rats were given atipamezole (in equal volume to medetomidine; intramuscularly) to reverse the anesthesia. For pain management, temgesic (buprenorphine 2 mg/kg body weight) was provided once a day for 24 to 48 h. Animals were kept on normal food and water ad libitum for the duration of the study and no ongoing anticoagulants were given. Rats were followed up for 3, 6, 12, and 24 weeks (n ¼ 5 per time point) at which time, animals were anesthetized (as described) and the graft excised for scanning electron microscopy and histologic analysis.
HISTOLOGIC STAINING AND IMMUNOHISTOCHEMISTRY. On explantation, all samples were fixed in 4% paraformaldehyde, overnight. Samples were then processed for scanning electron microscopy imaging or histologic analysis by paraffin processing and embedding (Leica Microsystems, Wetzlar, Germany).
Graft cross sections, from distal to proximal were cut. Continued on the next page
Filipe et al. Data are mean AE SEM; n ¼ 7 (n ¼ 3 for rat aorta).
Filipe et al.
FIGURE 2 Endothelial Cell and Blood Compatibility With Electrospun Silk Scaffolds for Vascular Grafting
Continued on the next page
Filipe et al. This may be due to physical collection in the porous graft wall, as previously reported (21) (Supplemental Figure 2) . Additional staining for CD34þ endothelial progenitor cells was also performed to establish the contribution of these cells to endothelialization (17) . Results show CD34 þ staining throughout the length of silk grafts as early as 3 weeks (Supplemental Figure 3A) . This was shown to increase at later time points, consistent with the vWF data (Supplemental Figure 3B) . Overall, the degree of CD34 þ staining was lower than for vWF, suggesting that although these cells contribute to Filipe et al.
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Silk as a Small Diameter Graft weeks, however, hyperplasia was equal throughout the graft length at an average 40.9 AE 3.8%. Interestingly, hyperplasia at later time points was reduced to 27.9 AE 1.9% and 27.0 AE 0.3% at 12 and 24 weeks, respectively. These data suggest that hyperplasia stabilizes by 6 weeks, corresponding to when 
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FIGURE 4 Scanning Electron Microscopy of Silk and ePTFE Grafts at Explantation
Scanning electron micrograph images of explanted silk (A) and expanded polytetrafluoroethylene (ePTFE) (C) grafts at 3, 6, 12, and 24 weeks. Scale bar ¼ 500 mm.
Representative high magnification images (black boxes in A and C) of silk (B) and ePTFE (D). Scale bar ¼ 50 mm.
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Filipe et al. However, no comprehensive preclinical assessment of highly purified electrospun silk conduits has yet been carried out.
In this work, we fully characterized the mechanical properties of the electrospun silk, showing it to be significantly more elastic than the ePTFE. Other mechanical endpoints such as ultimate tensile strength demonstrated that although silk is not as strong as ePTFE, it is more closely matched to the native rat aorta, substantially reducing problematic compliance mismatch. Graft-specific properties, such as burst Filipe et al.
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Silk as a Small Diameter Graft Filipe et al. TRANSLATIONAL OUTLOOK: There is currently a large unmet need for synthetic small-diameter vascular grafts that are effective in small-diameter applications.
Small-diameter, cell-free, electrospun silk grafts were shown here to remain patent for up to 6 months in a preclinical rat model of aortic replacement, with results suggesting almost complete endothelialization and neointimal hyperplasia stabilization as early as 6 weeks.
Positive remodeling over time also suggests the potential for improved biointegration. Further in vivo studies in larger animal models would be necessary to validate the use of electrospun silk scaffolds in models that also evaluate other aspects important to graft patency in humans such as long-term graft survival.
